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ABSTRACT: Gold-silver core-shell nanoparticles stabilized with a common sweetener, aspartame (AuNP@Ag@Asm) combine the antimicrobial properties of silver with photoinduced plasmonmediated photothermal effects of gold. The particles were tested with several bacterial strains, while biocompatibility was verified with hu-5 man dermal fibroblasts.
When a metal nanoparticle interacts with light of a wavelength longer than the dimensions of the particle itself, Surface Plasmon Resonance (SPR) phenomenon can lead to characteristic light absorption due to the coherent oscillation of the surface electrons induced by the light. 1 
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Particularly interesting are the cases of gold, silver and copper, where the SPR absorptions occur in the visible range. Variation on the region of absorption can be achieved by changing the size, shape or composition of the particles. 2 This effect has been investigated and used for several applications, which range from catalysis 3 to biochemistry.
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Three known properties of noble metal nanoparticles stimulated the research reported here: (a) Upon light absorption gold nanoparticles (AuNP) can deliver energy with pinpoint precision, 6 high efficiency and in subpicosecond time scales. This property has been proposed as a powerful tool for photodynamic therapy (PDT), a light-mediated 20 form of clinical treatment; 4,7 (b) Silver nanoparticles (AgNP) have excellent antimicrobial properties that exceed those of silver ions themselves, and it has been proposed that the AgNP themselves are strongly anti-infective, beyond any effect due to Ag + leaching 8, 9 and (c) peptides, such as LL37 can stabilize metal nanoparticles, such as AgNP, 25 while they retain their antiinfective properties and showing excellent biocompatibility. 10 Based on this observation, we present here the remarkable behavior of core-shell gold-silver nanostructures stabilized with aspartame (Asm), a common artificial sweetener. (Figure 1 ).
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Figure 1: Aspartame molecular structure.
The material presented in this contribution consists of a gold core, encapsulated in a silver shell 11, 12 and stabilized with a dipeptide, specifically aspartame. The gold core has been chosen for the purpose of efficient heat delivery through established plasmonic mechanisms. 13 
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The silver shell retains the antibacterial properties that have been characterized for AgNP. The surface protection with aspartame leads to excellent aqueous stabilization with long shelf life. Further, aspartame is non-toxic, 14 remarkably inexpensive and easy to replace if other molecules with specific biological targets are desirable for surface 40 coating. Moreover, in addition to the synthesis and characterization of aspartame stabilized Au/Ag nanostructures (AuNP@Ag@Asm), representative in vitro experiments were carried out as a first indication of their antibacterial properties. Indeed, the effect of light activation and their biocompatibility were tested with primary human dermal 45 fibroblasts (ATCC). AuNP seeds (~12 nm) were used for seed-mediated growth of coreshell nanoparticles. 15 The synthesis of AuNP seeds was done via an established procedure. 11 Briefly, an aqueous solution of 0.33 mM HAuCl4 and 1 mM I-2959 (1:3 stoichiometric ratio) was irradiated 50 with UVA light, using a Luzchem LZC-4 photoirradiator, for 15 minutes. After irradiation, the solution was left in the dark for at least 24 hours before surface functionalization with silver. A seed-mediated growth procedure was employed for the formation of Au/Ag core-shell nanoparticles according to a reported procedure, 11 AgNO3, 4 μM of aspartame and 110 μM I-2959 was purged under N2 for 45 minutes. After purging, 1 mL of AuNP seeds was added to the cuvette and irradiated for 15 minutes with UVA light. Absorbance spectra were taken before and after irradiation, as reported below. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Scheme 1. I-2959 photolysis and metal ion reduction that subsequently leads to metal nanoparticle formation.
Formation of AuNP@Ag@Asm led to the spectral changes of Figure 2 . Note that after irradiation with AgNO3 the band corresponding to the Au plasmon absorption is shifted to the blue, while a new band, corre-sponding to the Ag plasmon absorption and centered at 405 nm appears. The intensity of the two absorptions is consistent with the presence of comparable amounts of Au and Ag. Moreover, after the initial stabilization of the particles formed, the UV spectra did not change with time, showing a very high stability. The analysis of the UV-Vis 75 spectra furnished a clear indication that core-shell structures are formed as opposed to separate nanoparticles or alloys. Indeed, in those cases we would have had no shift of the plasmon maximum (single particles) or a single band between the two metal plasmon absorptions (alloy). EDS analysis was performed for AuNP@Ag@Asm and the relative 100 average percent (%) composition revealed 45.8 ± 1.6 % silver and 54.2 ±1.7 % gold, similar to the anticipated composition based on the amount of HAuCl4 (110 μM) and silver nitrate (110 μM) respectively. The EDS spectra, reported in the SI, confirmed the metal composition of the core-shell particles formed. The presence of traces of carbon and 105 chlorine ions was also detected and it was attributed to residues of the by-product 4-hydroxyethoxybenzoic acid (HEBA) and the starting material HAuCl4, respectively. The presence of HEBA in these materials is well established. 11, 17 In addition, the antimicrobial properties of the particles synthesized In the presence of AuNP@Ag@Asm the MIC value is lower for irradiated experiments than non-irradiated experiments. Therefore, the amount of AuNP@Ag@Asm needed to inhibit bacterial growth is lower under light exposure. This effect can either be due to the irradia-135 tion itself, or to the heat emitted by the AuNP@Ag@Asm from plasmon excitation at 530 nm. In order to verify that it is in fact the photothermal properties of the gold core causing microbial inhibition, control experiments were performed. In each experiment, the measurement of the OD in the absence of nanoparticles was taken, and signifi-140 cant bacterial density was visualized in both irradiated and nonirradiated conditions. Therefore, the lower MIC value for irradiated experiments should be attributed to the synergistic effect of the photo- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 thermal properties of gold and the antimicrobial action of the silver shell and not to the direct cell irradiation effect. Note that 530 nm 145 irradiation of AgNP (no gold) does not enhance their antibacterial properties (see S9 in Supporting Information). A summary of the results obtained is presented in Table 1 for further comparison. It was reported that AuNP by themselves need a higher concentration to completely inhibit microbial growth. 18 In order to decrease the MIC of gold nanoparticles, a shell of a material with well known antibacterial properties was added. This strategy will allow for synergistic inhibitory properties. AuNP@Ag@Asm in the dark. Irradiated and non-irradiated experiments were conducted in order to measure bactericidal capabilities for AuNP@Ag@Asm and the photothermal activity of gold. The results obtained are shown in Figure 5 . They reveal that in the dark cell killing is incomplete (even when below 175 the detection limit), as cells eventually recover. In contrast, illumination causes complete cell death, with no hint of recovery. As previously mentioned, for each bacteria strain, two control experiments were performed, both in absence of AuNP@Ag@Asm, under 530 nm irradiation and in the dark. In all cases, there are no significant When using AuNP@Ag@Asm, in absence of light a particular trend was observed. For E. coli, a decrease of the bacteria growth was recorded until t= 6 h, however, at t= 9 h, t= 12 h, and t= 18 h, a dramatic 200 growth was observed. For S.aureus and S.epidermidis no survival colonies were apparent at t= 6 h, however, a significant amount (difference of >3 log10 fold) of bacterial colonies was seen for t= 18 h. Thus, almost complete bactericidal activity was seen at t= 6 h for non-irradiated experiments but significant amount of colonies were seen at t= 18 h show efficient bactericidal activity. At t= 6 h, no survival colonies were counted as well as a difference of 3 log10-fold was recorded. This trend was maintained also after t=18 h. Therefore, the antimicrobial contribution of silver is supplemented by irradiation of AuNP@Ag@Asm leading to a lasting antimicrobial efficiency. Therefore, it is the combi- indicating that possible uptake mechanisms may take place in this case, as it does for AgNP. 9 However, both strains present symptoms of membrane structural damage, which is likely attributed to the antibacterial properties of silver. In conclusion, bimetallic core-shell nanoparticles allow for the exploitation of properties characterstic for monometallic (Au and Ag) nanoparticles. Under irradiation, AuNP@Ag@Asm presented effective inhibitory microbial properties. Further, irradiating the nanoparticles in order to exploit the photothermal properties of gold was shown to 245 increase inhibitory properties when compared to unirradiated AuNP and AgNP. This finding suggests a synergistic effect between the silver antimicrobial properties and the photothermal effects due to the gold core. The combined effect of silver and gold allowed for complete bactericidal activity whereas non-combinatorial (or non-irradiated 250 experiments) did not. We suggest that thanks to the core-shell nanoparticles' synergistic properties, the material proposed represents an attractive antibacterial agent since the photothermal properties of gold can compensate if the silver antimicrobial properties do not suffice for complete bactericidal activity. Aspartame stabilization provides good 255 shelf life for the particles with a material that is non-toxic, inexpensive and water soluble.
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Experimental design for well plate experiments, illumination condi-260 tions, EDS data, fibroblasts biocompatibility experiments and TEM sample preparation details. This material is available free of charge via the Internet at http://pubs.acs.org.
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